Actuarial senescence (hereafter "senescence") has been viewed for a long time as an inevitable and 29 uniform process. However, the work on senescence has mainly focused on endotherms (especially 30 mammals) with deterministic growth and low regeneration capacity at adult stages, leading to a 31 strong taxonomic bias in the study of aging. Recent studies have highlighted that senescence could 32 indeed display highly variable trajectory shape that correlates with species life history traits. Slow 33 life histories and indeterminate growth seem to be associated with weak and late senescence. 34
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Introduction 51 52
The great diversity of life histories continues to fascinate population biologists (Stearns 1976, 53 Dammhahn et al. 2018, Wright et al. 2019 ). There have been many attempts to summarize the 54 variety of life history patterns that are observed (e.g., Pianka 1970 , Saether 1988 , Bielby et al. 2007 . 55
Among the spate of life history traits, senescence is generally defined as a physiologically-caused, 56 irreversible increase in mortality (i.e., actuarial senescence; hereafter senescence) and a decline in 57 fertility with age (i.e., reproductive senescence) (Hamilton 1966 , Rose 1991 . Historically, 58 senescence was expected to show a limited amount of variation across species. The senescence 59 process was theoretically expected to be ubiquitous among age-structured populations (Hamilton 60 1966) , which led to the view that senescence was an unavoidable process (Ackermann et al. 2003 , 61 Nussey et al. 2013 ). In addition, regardless of the species considered, the age at the onset of 62 senescence was expected to be immutably set at the age of first reproduction (Williams 1957 , 63 Hamilton 1966 . This long-held view was overturned when it was shown that the there is a 64 bewildering diversity of senescence patterns across animal and plant species ( studies highlighted the lack of data for many taxa and thus there is still a great need to uncover and 73 explain senescence patterns. In particular, it is necessary to evaluate the extent to which species 74 can escape senescence or even show 'negative senescence' and to determinate the eco-evolutionary 75 roots of such patterns (Vaupel et al. 2004 , Jones & Vaupel 2017 . As the Life History Theory of 76
Aging postulates that senescence is related to somatic maintenance (Lemaître et al. 2015 , Kirkwood 77 2017 , one may expect that species who invest more into this item of expenditure such as "slow" 78 species, (i.e., low recruitment and high adult survival), (see Ma & Gladyshev 2017) for the diversity of senescence patterns, suggesting that other mechanisms may be at work as well. 86
For example, their study revealed the absence of senescence in Hydra (and few other organisms), 87 potentially allowed by regenerative capacity (Martinez 1998) . 88
Most of our understanding of senescence in wild animal populations is based on mammals 89
and birds because there are many long-term individual-based data sets (Jones et al. 2014 Here, we investigated how slow life histories with an implicit high level of investment in 99 somatic maintenance are associated with a negligible actuarial senescence in a clade of salamanders 100 from the Western Palearctic (known as the "true salamanders"). We used both unpublished and 101 published capture-recapture data for our analyses. First, we analyzed novel demographic data from 102 a poorly known Mediterranean salamander (Lyciasalamandra fazilae) and verified that this species 103 5 / 22 al. 2006). L. fazilae is viviparous salamander that gives birth to one or two fully metamorphosed 119 young after one year of gestation. Sexual maturity is attained at an age of three years in both sexes 120 (Olgun et al. 2001 ). The individual growth curve presents an asymptotic trend even if adult 121 salamanders seem to continue to grow over their entire lifespan (Olgun et al. 2001) . 122
The study was conducted on a population of L. fazilae between 1999 and 2009 in western 123 Turkey near Dalyan (N 36° 50', E 28° 41'). A detailed description of the study area can be found in 124 Olgun et al. (2001) . Several capture-recapture sessions (in February, March, and April) were 125 carried out each year. The salamanders were captured by hand, and were then released back the 126 place where they were initially caught after being marked using pit-tags, identified, and measured. 127
The sex of the individuals was assessed using secondary sexual characters (Olgun et al. 2001) . 128
Juveniles were not included in the analysis because only 12 juveniles were encountered during the 129 study but never recaptured. Furthermore, due to small size of the dataset (133 individuals marked), 130
we grouped the two sexes in analyses to avoid model overparameterization. We assumed that sex 131
should have a little influence on adult survival as males and females present the same age structure 132 in the population (Olgun et al. 2001) . 133
Body size of salamanders was determined by measuring snout-vent-length (SVL): 134 individuals were measured from the tip of the snout to the posterior margin of the vent. We used 135 the size data in multievent models to estimate size-dependent survival. We also benefited from age 136 data assessed using skeletochronological analyses for individuals marked over the period 1999- We quantified size-dependent annual survival using multievent capture-recapture models (Pradel 143 2005) . Note that we did not performed Goodness-of-fit test before building the models since no test 144 is currently available for multievent models; note that it was also possible to consider potential 145 transience, trap-dependence, and recapture heterogeneity in Colchero's models presented below. 146
We considered a model based on three latent states that include information about individuals' size. 147
The states s and l correspond to small (SVL, from 45 to 60 mm) and large (SVL, from 61 to 81 148 mm) adults respectively; the classes were fixed to obtain a relatively similar number of observations 149 in the two classes. The state d corresponds to the dead state. The models include three observations 150 coded as following in the capture histories: individuals that are not captured are coded '0'; small 151 and large individuals captured are coded '1' and '2' respectively. 152
At their first capture individuals may occupy two distinct states of departure, s and l. At 153 each time step, the information about individual state is progressively updated through two 154 successive modeling steps: (1) survival, and (2) size transition. Each step is conditional on all 155 previous steps. At the first modeling step, survival information is updated. A small individual may 156 survive with a probability φ or die with a probability 1-φ . A large individual can survive with a 157 probability φ or not with a probability 1-φ . These results in the following matrix (the state of the 158 individual at t-1 is in column and state at t is in row): 159
In the second modeling step, information about individual age is updated. A small individual can 161 become a large individual with a probability or remain in the same class with a probability 1-162 , leading to the following matrix: 163
The last component of the model links observation to states. Small and large individual can be 165 captured with a probability or , which results in the following matrix: 166
This parameterization was implemented in the program E-SURGE (Choquet et al. 2009 ). 168
We ranked models using AICc and Akaike weights (w). If the Akaike weight of the best supported 169 model was less than 0.9, we used model-averaging to obtain parameter estimates. We examined 170 our hypotheses about survival and recapture probability from the following general model [φ(size), 171 (.), p(t + size)]. The effects considered in the models were size and year (t). We hypothesized that: 172 survival φ probability differed between the two size classes (i.e. small and large). We also expected 173 that recapture probability varies according to size and year. Age transition was set constant (.) in 174 the model. We tested all the possible combinations of effects, resulting in the consideration of eight 175 competing models (Table 1) . 176 177 Multievent model for recruitment 178 179
We estimated recruitment rate of small-size adult using a modified Pradel model (1996) in which 180 recruitment is modeled by reversing capture histories and analyzing them backwards. Recruitment 181 probability was estimated as the probability that a small-sized individual present at t was not present 182 7 / 22 at t-1, i.e. the proportion of "new" small individuals in the population at t. The model had the 183 structure similar to that of survival model. The survival matrix was replaced by the recruitment 184 matrix. At each time step, small individuals may be recruited with a probability or not with a 185 probability 1 -, leading to the following matrix: 186
The size transition matrix was also modified to allow reversed size transition: 188
This parameterization was implemented in E-SURGE program. We considered the most Supplementary material, Table S1. Note that the sex was not considered in the further analyses as 206 only females were caught in S. perspicillata (males do not occur in breeding sites) and because sex 207 We investigated actuarial senescence patterns in the three salamander species using Bayesian 212 survival trajectory analyses implemented in the R package BaSTA (Colchero et al. 2012a (Colchero et al. , 2012b . 213
BaSTA allowed us to account for imperfect detection, left-truncated (i.e., unknown birth date) and 214 8 / 22 right-censored (i.e., unknown death date) capture-recapture data in our analysis. It allows 215 estimation of two parameters: survival until a given age and mortality rate (i.e., hazard rate) at a 216 given age. Given the results of previous analyses (Schmidt et Table S1 ), the four 219 populations and species were analyzed separately. We used DIC to select models that fit the data 220 best and we compared the outputs of the best-supported model of the four populations by inspecting 221 mean estimates and 95% CI. This allowed us to investigate population/species-specific variation in 222 the shape of the age-specific mortality patterns. We considered the four mortality functions 223 implemented in BaSTA: exponential, Gompertz, Weibull and logistic. For the three last functions, 224
we considered three potential shapes: simple that only uses the basic functions described above; 225
Makeham (Pletcher 1999) ; and bathtub (Siler 1979) . As individuals cannot be individually 226 surveyed before their sexual maturity (three years old in the three species), we conditioned the 227 analyses at a minimum age of three. Four MCMC chains were run with 50000 iterations and a burn-228 in of 5000. Chains were thinned by a factor of 50. Model convergence was evaluated using the 229 diagnostic analyses implemented in BaSTA, which calculate the potential scale reduction for each 230 parameter to assess convergence. For all populations, we used DIC to compare the predictive power Over the 8-year study period, we made 179 captures of salamanders. We identified 121 adults (51 238 males and 70 females) and 12 juveniles. The mean age was 5.5 years and the maximum was 10 239
years. 240
The best-supported survival model was [φ(.), (.), p(t + size)] ( Table 1) Fig.2A) . 248
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The best-supported recruitment model was [ (.), (.), p(t + size)] ( Table 2) ; its AICc 249 weight was 0.54 and we therefore model-averaged the estimates. The recapture probabilities were 250 relatively similar to that provided by survival model; we did not report them for this reason. The 251 rate of small individual recruitment was 0.15±0.15. 252
253
Age-dependent survival and senescence in true salamanders 254
255
In L. fazilae, the age-specific capture-recapture data were best described by an exponential function 256
( Table 2 ). The probability of surviving was 0.75 until age four, 0.50 until age five, and 0.25 until 257 age seven ( Fig.2A) . Furthermore, the model indicates the absence of age-dependent mortality rate: 258 mortality rate remained stable (around 0.34) regardless of age (Fig.3A) . 259
In S. perspicillata, the best-supported model included a Gompertz function ( Table 2) . The 260 probability of surviving was 0.75 until age five, 0.50 until age eight, and 0.25 until age 12 (Fig.2B) . 261
Moreover, our results indicate that age had no influence on mortality rate (Fig.3B ). Mortality rate 262 remained stable (around 0.20) regardless of age. 263
In S. salamandra, the best-supported model included a Weibull function in pop1 and a 264
Gompertz function in pop2 ( Table 2) . The probability of surviving was 0.75 until age five, 0.50 265 until age eight, and 0.25 until age 13 in pop2 (Fig.2C) ; in pop1, the survival estimates were very 266 imprecise (Fig.2D) . Moreover, our results indicate that mortality rate was not affected by age 267 (Fig.3C and 3D) . 2001). We are therefore confident that the survival estimate of L. fazilae is not biased by a 284 methodological artefact; for example, permanent emigration leads to underestimated survival rates 285 (i.e., apparent survival) in capture-recapture studies (Schmidt et al. 2007 ). Our study revealed that 286 the probability of surviving was 0.50 until age five, and less than 0.05 until age 12. These results 287 are also congruent with skeletochronological data that reported a maximum longevity of 10 years 288 in the population. Furthermore, we did not find evidence of an effect of body size on adult survival. 289
It is possible that a small body size negatively affects survival at juvenile stage (as commonly 290 reported in amphibians; e.g., Schmidt et al. 2012 , Cayuela et al. 2016 ) and that the effect of size on 291 survival vanishes at either some point before or rapidly after sexual maturation. Furthermore, our 292 study also revealed that recruitment was relatively low in L. fazilae (0.15). This is likely due to the 293 low fecundity of females that produce one or two young after a gestation of one year (Olgun et al. salamanders have slow life history strategies. First, adult survival is relatively high in this clade 300 (Fig.1C) . In S. Salamandra, survival probability was 0.85 in both populations while it ranges from 301 0.86 to 0.90 S. perspicillata, indicating little variation at the intraspecific level (Fig.1C) . At the 302 interspecific scale, survival is relatively high in these three genera, which suggests that a long 303 lifespan is a highly conserved trait in salamanders of western Palearctic. Yet, L. fazilae has a lower 304 survival (0.74 and 0.79 from capture-recapture and skelettochronological analyses respectively) 305 than S. salamandra and S. perspicillata (Fig.1C) . This pattern was also perceptible in the survival 306 estimates provided by our study: a survival probability of 0.50 was reached at 5 years in L. fazilae, 307 7.5 years in S. perspicillata, and 8 years in S. Salamandra (in pop2, the estimate of pop1 was very 308 imprecise). These adult survival rates for true salamanders are higher than for most anurans (Muths methodological artefact. It has previously been suggested that detecting senescence would be 337 difficult in wild animals because high levels of mortality would remove individuals from the 338 population before they start to senesce (Kirkwood & Austad 2000) . However, by revealing a great 339 diversity of senescence patterns, studies using capture-recapture data collected across a broad range 340 of taxa showed that this assumption was untrue (Jones et al. 2008 (Jones et al. , 2014 Colchero et al. 2019 ; see 341 also the review of Jones & Vaupel 2017) . Furthermore, Colchero's model has proven to be 342 particularly efficient for detecting senescence when it is actually present (Colchero et al. 2012a (Colchero et al. , 343 2012b . Simulations showed that the model is able to detect senescence when the study period is 344 equal or longer than the mean lifespan in the population (Colchero et al. 2012a ), which was the 345 case in the four datasets considered in our study. 346 A long lifespan, a high level of iteroparity, and a low fecundity appear to be closely 347 associated with negligible actuarial senescence in true salamanders. This pattern is congruent with 348 the results of Jones et al. (2008) showing that senescence rate is negatively correlated with 349 generation time and age at primiparity, and is positively associated with maximum fecundity in 350 12 / 22 endotherm vertebrates; the opposite relationships were detected with the age at senescence onset. 351
Contrary to other amniotes, salamanders have high regenerative capacities and are able to retain 352 near perfect regeneration of most organs and appendages (e.g., spinal cord, heart, brain, skin, digit, 353 and lens) well into adulthood (Seifert & Voss 2013) . Although almost no studies have tested these 354 abilities in old animals (Seifert & Voss 2013) , their great potential for tissue repair and regeneration 355 likely allow true salamanders to experience negligible actuarial senescence. In parallel, an 356 indeterminate growth could also contribute to this marginal senescence, as proposed by Jones & 357 Vaupel (2017) . 358
Our study also showed that negligible senescence is a consistent pattern at both Negligible actuarial senescence is highlighted in a growing number of taxa, mainly ectotherms 372 (e.g., corals, hydras, and amphibians; Jones et al. 2014). These cases have been considered for a 373 long time as exceptions or the product of methodological artefacts, in light of senescence having 374 been presented as a nearly ubiquitous phenomenon in the living world. We argue that this 375 representation was partly due to a taxonomic bias where the study of senescence has for many years 376 been focused on endotherm vertebrates (mainly mammals) with reduced regenerative capacities at 377 adult stages (Seifert & Voss 2013) . The regenerative capacities of true salamanders, and urodeles 378 in general, likely explains why these small ectotherm amniotes (the body mass of the largest true 379 salamanders is ≈ 50g) have lifespans similar to that of large endotherm amniotes (e.g., ungulates, 
